Experimental Procedures:
-Animals:
Ticks were obtained from a colony maintained at the Faculdade de Veterinária at the Universidade Federal do Rio Grande do Sul, Brazil. Boophilus microplus of the Porto Alegre strain, free of Babesia spp., were reared on calves obtained from a tick free area. Engorged adult females were kept in Petri dishes at 28 0 C and 80 % relative humidity until completion of oviposition.
-Eggs and Hemolymph:
Eggs laid less than 24 h beforehand were collected and homogenized in a Potter-Elvehjem tissue grinder in 20 mM Tris-HCl buffer, pH 7.4 with 0.05 mg/mL of soybean trypsin inhibitor, 0.05 mg/mL leupeptin and 1 mM benzamidine (approximately 1g of eggs/2 mL). Egg homogenate was centrifuged at 100,000 x g for 60 min at 4 0 C. The floating lipids and the pellet were discarded, and the crude egg extract supernatant was used for protein isolation.
-Electrophoresis:
Polyacrylamide gels (12 or 10 %) were run in the presence of SDS (14) at a constant current of 20 mA. Gels were stained with Coomassie Blue G according to the method of Neuhoff et al. (15) and destained with deionized water. Molecular masses of polypeptides were determined using the following protein standards: myosin (205 kDa), β-galactosidase (116 kDa), phosphorylase b (94 kDa), bovine albumin (66 kDa), ovalbumin (45 kDa), glyceraldehyde-3-phosphate dehydrogenase (36 kDa), carbonic anhydrase (29 kDa) and cytochrome C (12.5 kDa).
-THAP purification Crude egg extract was applied into a column of DEAE-Toyopearl 650M (20 x 3 cm) equilibrated with 10 mM Tris-HCl, pH 8.4 and eluted with two linear 200 mL NaCl gradient steps (0-100 mM, 100-400 mM). The fractions containing THAP (identified by SDS-PAGE), were dialyzed against 20 mM sodium phosphate pH 6.0 overnight, and applied to a SP-Toyopearl 650 M (column (10 x 1.5 cm) equilibrated with the same buffer and eluted with a 200 mL NaCl gradient (0-210 mM). Fractions containing THAP were applied to an iminodiacetic acid sepharose (IDA) column previously loaded with CuCl 2 and equilibrated with 50 mM phosphate buffer pH 6.0 with 0.2 M NaCl. The column was eluted with a 150 mL continuous glycine gradient (0-300 mM). The fractions containing THAP were concentrated in a Speed-Vac system (Savant SVC 100) and the degree of protein purity was evaluated by SDS-PAGE (12%). Protein concentration was determined by the method of Lowry et al. (16) using bovine serum albumin as standard.
-VT purification:
VT was purified based on the protocol described by Roosell & Coons (13) with some modifications. Egg homogenate was applied to the same DEAE-Toyopearl 650M column used for THAP isolation. The fractions containing VT (identified by SDS-PAGE and by light absorption at 400 nm) were applied to a Sephacryl S-200 gel filtration column (90 x 1,5 cm). The fractions containing VT were concentrated in a Speed-Vac system (Savant SVC 100) and the degree of protein purity was evaluated by SDS-PAGE (10%).
-Amino-acid sequences:
THAP (50 µg) was subjected to SDS-PAGE (12 %) and transferred to a PVDF membrane (17) . After staining with Coomassie Blue for 5 minutes polypeptide bands were destained with 40% methanol, cut, and applied to the protein sequencer. The sequence was obtained by automatic Edman degradation using a liquid phase sequencer (Porton PI 2090).
Phenylthiohydantoin amino acids were identified in a Hewlett-Packard HPLC system (mod. 1090) with an amino-quant column (200 mm x 2.1 mm).
-cDNA cloning and analysis:
A forward degenerated primer based on the obtained NH 2 -terminal sequence (QLGWHDP) was synthesized and used together with a Not I-(dT) 18 primer (Amersham Pharmacia Biotech) to amplify THAP cDNA from total ovary RNA by RT-PCR. The PCR product was then gel purified and cloned into a pT7Blue-3 vector using the Perfectly Blunt TM Cloning kit (Novagen) according to manufacturer's instructions. DNA sequencing was performed using the dideoxy method at the Molecular Genetics Instrumentation Facility of the University of Georgia.
The obtained sequences were subjected to similarities search in nonredundant sequence data banks (NCBI BlastP search). Similarities were determined using the BESTFIT program from the GCG Software Package (Version 8, University of Wisconsin).
Multiple sequence analysis was carried out using Clustal W software (18) and the search for known protein motifs in a sequence was made using Blocks+ database software (19) .
-Polyclonal antibodies:
Rabbits were inoculated subcutaneously with THAP (0.5 mg in 0.25 ml of water) emulsified with an equal volume of Freund's complete adjuvant. After 1 month, animals were boosted with 0.5 mg of THAP in water. Sera were obtained from blood collected at least 1 month after the second injection. 
Results:
B. microplus egg extract was fractionated on a DEAE-Toyopearl column ( Figure 1A ) and the peaks were tested for the capacity to bind to a hemin-agarose gel in order to identify putative heme-binding proteins. Two polypeptides from the first peak of the DEAE column bound to hemin agarose (Figure 2 ).
Starting from the peak from the DEAE column, a preparative isolation was carried out by chromatography on a SP-Toyopearl column ( Figure 1B) followed by another chromatographic step on a IDA-Cu +2 column ( Figure 1C ), leading to co-isolation of the 37 and 32 kDa polypeptides ( Figure 1D) . The polypeptides were then blotted onto a PVDF membrane and sequenced separately by automated Edman degradation ( Figure 3A ).
After the 19 th amino acid, the sequence of the 37 kDa polypeptide became identical to that of the 32 kDa one, indicating that both of them are in fact different proteolytic states of the same protein ( Figure 3B ). Gel filtration chromatography on a Superose 12 (Pharmacia Biotech) column showed a single peak of approximately 35 kDa (data not shown), excluding the possibility that these two polypeptides were subunits of an oligomeric protein.
The amino-terminal sequence shown in figure 3B was used to design a primer (5'CARYTNGGNTGGCAYGAYCC 3') that was used together with a Not I-dT(18) primer to clone THAP from total ovary RNA. When translated, the resultant clone presents an amino-terminal sequence identical to the 50 amino-acid sequence obtained by overlapping the two segments deduced from the Edman procedure.
The cDNA encodes a protein of 353 amino acids (38313 Da) with a pI of 7.16 ( Figure 3C ). Proteins showing the closest identities with THAP were cathepsin Ds from several organisms (40-44% identity) and an aspartic proteinase of the mosquito Aedes aegypti (45% identity) , and accordingly we consider that this enzyme can be characterized as cathepsin D-like. Selected sequences used in this analysis are aligned with THAP in figure 4 . When subjected to search for known structural motifs, THAP presented several blocks characteristic of aspartic proteinases such as the active site regions and the characteristic cysteines at conserved positions ( Figures 3C and 4 ). We have previously described another aspartic proteinase, also isolated from Boophilus eggs called BYC (10) . However, none of BYC sequences were identified in THAP cDNA, confirming that When THAP proteolytic activity against hemoglobin was evaluated, it showed an optimal pH of 3.5 (data not shown) and was specifically inhibited by pepstatin, a selective inhibitor of this group of enzymes, but not by inhibitors of other classes of proteinase (Table 1) . THAP was also assayed against several different synthetic fluorogenic and chromogenic substrates. Substrates for the main classes of acidic proteinases (cathepsin L, cathepsin B, cathepsin G and cathepsin D ) were assayed (27, 28) . Only Abz-AIAFFSRQ-EDDnp, a substrate based on the sequence susceptible to enzymes such as pepsin and related aspartic proteinases (28) was hydrolyzed by THAP ( Table 2) A completely different result was obtained when hemoglobin hydrolysis was investigated. ApoHb produced after removal of the heme prosthetic group was a poor substrate for THAP, but the hydrolysis was greatly increased upon hemoglobin reconstitution by addition of hemin ( Figure 7A ). Stimulation of the activity was maximal at 1:1 globin-to-heme ratio. This observation could mean that the binding of heme induced a conformational shift in the globin molecule leading to exposure of susceptible peptide bonds. This did not seem to be the case, as increasing the heme-to-globin ratio to 1.2 : 1 resulted in strong inhibition of hemoglobin hydrolysis ( Figure 7A ). The same experiment using ribonuclease A instead of globin did not show any effect of heme on THAP proteolytic activity ( Figure 7B ). These data may be explained by THAP using heme (bound to a protein) as a docking site, with the bound heme increasing the affinity of THAP towards the protein substrate. For the same reason, after the saturation of globin hemebinding sites, the addition of free hemin to the reaction medium would competitively inhibit docking of THAP to the substrate by occupying the THAP heme-binding site.
Since VTs from ticks are hemeproteins (13), we carried out experiments to verify whether or not heme would be able to modulate THAP proteolytic activity against VT.
Similarly to the result obtained with hemoglobin, hydrolysis of VT by THAP was inhibited by the presence of free heme in the reaction medum (Figure 8 ). This suggests that free heme can compete with heme bound to VT (13) for THAPs heme-binding site. Further support for this hypothesis is provided by comparing binding of THAP to different substrates ( Figure 9 ). Pepstatin-treated THAP was incubated with a nitrocellulose sheet blotted with Hb, apoHb, VT or ribonuclease A, and binding of THAP was revealed using polyclonal anti-THAP antibodies. THAP was able to bind to hemoglobin and VT, but not to apoHb or to ribonuclease A (Figure 7) . Moreover, the binding to VT and Hb was blocked by hemin or Hb added to the incubation media, but not by ribonuclease A. During turnover of hemeproteins such as hemoglobin and cytochromes the heme group is destroyed by the action of heme oxygenase (29) . Although the iron atom may be used again (included in de novo heme synthesis), the porphyrin ring is not recycled to a significant extent in most organisms (29, 30) . It has recently been shown that the cattle tick Boophilus microplus is not able to synthesize heme (12) , relying on the host hemoglobin to obtain the heme necessary for its own development. One consequence of this finding is that during the course of evolution the tick must have developed efficient mechanisms for heme recycling. Here we show that the egg of Boophilus microplus has a proteinase capable of binding heme, and we present evidence that this provides a mechanism for modulating its activity toward a physiological substrate (VT, a hemeprotein). To our knowledge, this is the first proteinase shown to be regulated by heme.
Several pieces of evidence suggest that THAP interaction with heme relies on a site that is distinct from the active site of the enzyme. Heme binding by THAP did not interfere with its activity against ribonuclease or synthetic substrates ( Figure 6 and Figure 7B ). Further support for this hypothesis comes from the observations that the active proteinase bound heme (Figure 2 and Figure 5 ), and that pepstatin-treated THAP also retained the ability to bind to Hb and VT, even though its active site was occupied by the inhibitor (31) (Figure 9 ). An analogous behavior is exhibited by thrombin, a key proteinase of the blood coagulation pathway that converts soluble fibrinogen to a fibrin gel. Thrombin has been shown to bind fibrinogen through a site unrelated to the enzyme active center (32) and this bind can be blocked independently of the site that catalyzes proteolysis (33) .
Analysis of bovine Hb crystalline structure (pdb identifier 2HHD) available at the Protein Data Bank (http://www.rcsb.org/pdb) using RasWin molecular graphics version 2.6 (34) reveals that the edge of the heme ring is exposed to the solvent and that the propionate side chains of the porphyrin project from the protein surface and thus are available to interact with other proteins. Therefore, we postulate that THAP interaction with heme in Hb occurs through the propionate radicals of protoprophyrin IX.
It has recently been shown that pathogenic Escherichia coli strain EB1 can secrete a serine proteinase that is able to bind Hb, degrade it and capture the released heme (35) . So far, no regulatory role has been proposed for heme in this case. It has also been demonstrated that the oral anaerobic bacteria Porphyromonas gingivalis synthesizes a cysteine proteinase that binds Hb (36) . Recently, DeCarlo et. al., (37) have shown that this proteinase known as Lys-gingipain (KGP), binds to Hb molecule through its heme moiety. Like the THAP:heme interaction, the interaction of KGP with heme occurs through a site different from the active site (37) .
It is important to note that THAP (like KGP) has no heme-binding motif in its primary sequence.
Thus neither of these proteins has a classical heme-pocket and presumably neither of them interacts with the iron which, in any case is not exposed. Instead we are propose that the interaction of THAP (and possibly KGP) with heme occurs through a different mechanism involving the protoporphyrin IX propionyl radicals.
The Kd for heme binding to THAP was 190 nM. In vivo, the most likely substrate for THAP is Vitellin, the main egg storage protein. The concentration of Vitellin, in eggs is about 1 mM (data not shown) , 5,000 X higher than the Kd of THAP for heme. Considering that VT is not equally dispersed throughout the egg but instead highly concentrated in the yolk granules (3) the concentration in this compartment may be even higher. It remains to be shown were THAP is localized in relation to VT.
A potentially important consequence of the fact that THAP activity is regulated by binding of heme is related to heme cytotoxicity. Heme is a generator of oxygen free radicals through Fenton-type reactions that lead to damage of many important molecules (38, 39, 40, 41) . As a protective measure through the animal kingdom, free heme is not found in cells, being instead always bound to proteins. During oocyte growth, large amounts of VT containing heme are internalized by the oocytes of ticks, and this VT is subsequently degraded during embryogenesis (42) . The rate of VT degradation must match that of heme utilization in order to avoid the formation of a potentially dangerous pool of free heme. As the heme content of VT favours THAP proteolytic activity (Figure 8 ), the release of an excess of free heme from VT degradation may inhibit THAP binding to VT, thus slowing the pace of VT proteolysis and preventing oxidative damage.
Bugs, mosquitoes, and other hematophagous organisms face the same challenge as Boophilus during feeding and each species has found a secure way to avoid the oxidative stress generated by the release of free heme (38, 39, 40, 41) . Some of these protective mechanisms have already been identified, including the synthesis of hemozoin in the parasite Plasmodium falciparum (43) and in the blood-sucking bug Rhodnius prolixus (44) .
Regulation of hemeprotein proteolysis (and consequent reduction of heme release) may also prove to be an important adaptation of hematophagous species to this unique way of feeding. This hypothesis is currently under investigation. A sample collected immediately after THAP addition was used as a reaction blank. Data shown are mean ± SD (N=3). (24) and aspartic (25) 
